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Proteinase 3 (PR3), the autoantigen in granulomatosis with
polyangiitis, is expressed at the plasma membrane of resting
neutrophils, and this membrane expression increases during
both activation and apoptosis. Using surface plasmon resonance
and protein-lipid overlay assays, this study demonstrates that
PR3 is a phosphatidylserine-binding protein and this interac-
tion is dependent on the hydrophobic patch responsible for
membrane anchorage. Molecular simulations suggest that PR3
interacts with phosphatidylserine via a small number of amino
acids, which engage in long lasting interactions with the lip-
id heads. As phosphatidylserine is a major component of
microvesicles (MVs), this study also examined the consequences
of this interaction on MV production and function. PR3-ex-
pressing cells produced significantly fewer MVs during both
activation and apoptosis, and this reduction was dependent on
the ability of PR3 to associate with the membrane as mutating
the hydrophobic patch restored MV production. Functionally,
activation-evoked MVs from PR3-expressing cells induced a sig-
nificantly larger respiratory burst in human neutrophils com-
pared with control MVs. Conversely, MVs generated during
apoptosis inhibited the basal respiratory burst in human neutro-
phils, and those generated from PR3-expressing cells hampered
this inhibition. Given that membrane expression of PR3 is
increased in patients with granulomatosis with polyangiitis,
MVs generated from neutrophils expressing membrane PR3

may potentiate oxidative damage of endothelial cells and pro-
mote the systemic inflammation observed in this disease.

Proteinase 3 (PR3),7 the autoantigen in granulomatosis with
polyangiitis (GPA), is a 29-kDa serine protease expressed exclu-
sively in neutrophils, monocytes, and macrophages (1–3). It
belongs to a family of neutrophil-derived proteases including
elastase, cathepsin G, and the enzymatically inactive azurocidin
and similar to its homologues is mainly stored within azuro-
philic granules (4). In contrast to other family members, PR3
can also be located at both the plasma membrane of resting
neutrophils and within secretory vesicles (5). During neutrophil
activation and apoptosis, membrane expression of PR3 in-
creases, and soluble PR3 is also released into the extracellular
environment during degranulation (6, 7). In fact, a high per-
centage of neutrophils bearing membrane PR3 is considered as
a risk factor for GPA (8, 9). Using both computational biology
and mutation studies, the region of PR3 responsible for mem-
brane anchorage has been identified (10). It is dependent on the
hydrophobic patch containing four hydrophobic amino acids,
Phe-180, Phe-181, Leu-228, and Phe-229. Mutation of these
amino acids to alanine prevented both basal and apoptosis-
induced membrane expression. During apoptosis, membrane-
bound PR3 serves as a “don’t eat me” signal. It is co-externalized
with phosphatidylserine (PS) via its association with phospho-
lipid scramblase 1 (PLSCR1), a protein facilitating membrane
flip-flop. When PLSCR1 was knocked down using siRNA, not
only did it prevent PR3 membrane expression but it also
increased the rate of apoptotic cell clearance by macrophages
(11). This was linked to the ability of PR3 to associate with
calreticulin, a protein involved in apoptotic cell recognition and
a major “eat me” signal, thereby inhibiting apoptotic cell clear-
ance by phagocytes (12). In addition to functioning as a don’t
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eat me signal, membrane PR3 can also perpetuate inflammation
by increasing the production of proinflammatory cytokines
including TNF�, MCP1, and IL-6 (12).

Microvesicles (MVs) are small vesicles generated from the
plasma membrane of cells during the budding process follow-
ing cellular activation or apoptosis (13). Ranging from 100 to
1000 nm in size with most around 300 – 400 nm in diameter, the
majority of MVs contain high levels of PS on their membrane
outer leaflet (14) and comprise various molecules from the par-
ent cell including membrane constituents and cytoplasmic con-
tent. MVs participate in intercellular communication where
they play a role in inflammation, coagulation, and vascular
function (15). Although produced at low levels during normal
physiological conditions, MV production significantly in-
creases during inflammatory and autoimmune diseases includ-
ing vasculitis, atherosclerosis, diabetes, and malignancies (16).
During active vasculitis, MV levels were significantly increased
in the plasma of patients compared with healthy controls, and
these originated from platelets, endothelial cells, and leuko-
cytes (17–19). Additionally, levels of endothelial cell-derived
MVs correlated with disease activity, possibly serving as a
marker of endothelial cell activation or vascular damage (18,
19). Whether MV production during vasculitis is simply a con-
sequence of vascular dysfunction or is actively involved in the
process is not yet known. However, anti-neutrophil cytoplas-
mic antibodies (ANCAs) directed against either PR3 and
myeloperoxidase, the autoantigens for GPA and microscopic
polyangiitis, respectively, stimulated the production of MVs
from human neutrophils primed with TNF� (20). These MVs
were able to bind to endothelial cells to induce expression of
proinflammatory mediators including IL-6 and IL-8 and up-
regulate ICAM1, an adhesion molecule involved in facilitating
leukocyte endothelial transmigration (20). Furthermore, neu-
trophil-derived MVs facilitated endothelial cell damage in vitro.
Treatment of human umbilical vein endothelial cells with neu-
trophil-derived MVs resulted in a loss of membrane integrity
and morphological changes characteristic of cell injury (21).
Based on these studies, it seems likely that MVs generated dur-
ing autoimmune vasculitis do indeed play an active role in pro-
moting inflammation and endothelial cell damage. Given that
PR3 displays a high affinity for lipids, we investigated whether
this protein could bind to PS and whether this interaction
affected microvesicle-dependent biological processes known to
modulate inflammation.

Experimental Procedures

Cell Culture, Transfection, and Immunoblotting—Rat baso-
philic leukemia (RBL) cells were transfected with an empty
pcDNA plasmid (Invitrogen), pcDNA/PR3, pcDNA/PR3-
4H4A, or pcDNA/S204A and cultured as described previously
in DMEM (Gibco) supplemented with 10% fetal calf serum and
1 �g/ml Zeocin (Invitrogen) (22). RBL cells were stably trans-
duced with a retroviral vector coding for shRNA/rPLSCR1 tar-
geting rat PLSCR1 as described previously (23). Briefly, the
shRNA/rPLSCR1 sequence was inserted between HindIII and
BglII sites in the mammalian expression vector pSUPER.retro.
puro (OligoEngine), and viruses were generated in HEK293
following transduction. RBL cells were incubated with the

HEK293 retrovirus-containing supernatant, and infected cells
were selected using puromycin (1 �g/ml) (InvivoGen). Silenc-
ing of rat PLSCR1 (rPLSCR1) expression was confirmed by
Western blotting as described previously (11). Briefly, RBL cells
(1 � 108/ml) were lysed in lysis buffer (50 mM NaCl, 50 mM NaF,
1 mM sodium orthovanadate, 1% Triton, 50 mM HEPES, and
antiproteases (4 mM PMSF, 400 �M leupeptin, 400 �M pepsta-
tin, and 2 mM EDTA)) for 15 min at 4 °C. Protein quantification
was performed on the soluble fraction, and 20 �g was used for
each sample. Proteins were fractionated on SDS-polyacryl-
amide gels, transferred onto polyvinylidene fluoride (PVDF)
membranes (Immobilon-P, Millipore), and probed with an
anti-rPLSCR1 antibody (mAb 129.2). The proteins were visual-
ized using a peroxidase-conjugated anti-mouse antibody and a
SuperSignal WestPico detection kit (Pierce). Where indicated,
apoptosis was induced in RBL cells using 2 �g/ml gliotoxin
(Sigma), and cells were collected after 16 h. Cells were stained
with Annexin V-phycoerythrin and 7-aminoactinomycin D to
quantify apoptosis (24) and exclude necrotic cells (25) as
described previously (6). Cells were analyzed using a FACScan
flow cytometer and CELLQuest software (BD Biosciences).

Nitrocellulose Membrane Assay—Purified phospholipids
including PS, phosphatidylcholine (PC), and phosphatidyletha-
nolamine (PE) (Avanti Polar Lipids, Inc.) were spotted onto a
nitrocellulose membrane (Hybond; 0.1 �mol/spot), and mem-
branes were blocked for 3 h with TBS containing 0.1% Tween
and 3% human serum albumin. After 3 h, membranes were
incubated with either 2 �g/ml purified PR3 or HNE (Athens
Research and Technology) for 16 h. PR3 and HNE binding was
determined using Western blotting analysis with either an anti-
PR3 (clone CLB 12.8, Sanquin) or anti-HNE (Biogenesis) anti-
body, respectively, followed by HRP-conjugated anti-mouse
antibody. Purified HNE was also spotted directly onto the
membrane as a positive control, and the membranes were
probed as above with anti-HNE antibody. The neutrophil cyto-
solic fraction obtained by nitrogen cavitation in relaxation
buffer (100 mM KCl, 3 mM NaCl, 3.5 mM MgCl2, and 10 mM

PIPES, pH 6.8) as described previously (7) was used as a source
of Annexin A1. Nitrocellulose membranes containing PS, PC,
and PE were incubated with the neutrophil cytosolic fraction,
and binding was detected using an anti-Annexin A1 antibody
(Zymed Laboratories Inc.). Similarly, lysates generated from
RBL/pcDNA, RBL/PR3, and RBL/PR3-4H4A (10) with 1% dig-
itonin (9 mg/ml) were incubated with the above membranes,
and PR3 binding was detected using an anti-PR3 4A5 antibody.
To ensure the anti-PR3 antibody was able to detect both wild
type PR3 and PR3-4H4A mutant equally, lysates from the three
different cells lines were spotted directly onto a membrane, and
PR3 was detected using the same anti-PR3 4A5 antibody.

Surface Plasmon Resonance Spectroscopy—Analyses were
carried out on a BIAcore 3000 (BIAcore, GE Healthcare). For
analyses on PR3-coated surface, PR3 was diluted to 50 �g/ml in
10 mM sodium acetate, pH 4.5, and immobilized onto a CM5
sensor chip (GE Healthcare) using the BIAcore amine coupling
kit. The running buffer for PR3 immobilization was 145 mM

NaCl, 5 mM EDTA, and 10 mM HEPES, pH 7.4. Binding of 06:0
PS (Avanti Polar Lipids, Inc.) to immobilized PR3 (3500
response units) was measured at a flow rate of 20 �l/min in the
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running buffer (PBS, pH 7.4). Surfaces were regenerated by one
injection of 10 �l of 0.05% SDS. The specific binding signal
shown was obtained by subtracting the background signal,
which was obtained by injection of the sample over an activat-
ed-deactivated surface. Data were analyzed by global fitting to a
1:1 Langmuir binding model of the association and dissociation
phases for several concentrations of 06:0 PS using BIAevalua-
tion 3.2 software (GE Healthcare) and were obtained with a
statistic �2 value �2. The apparent equilibrium dissociation
constants (KD) were calculated from the ratio of the dissocia-
tion and association rate constants (koff/kon). For analyses on
phospholipid-coated surface, HPA (hydrophobic) sensor chips
(GE Healthcare) were used for preparation of PS- and PE-
coated chips as described previously (26). PR3 binding was mea-
sured over 1500 resonance units of immobilized phospholipids
at flow rate of 10 �l/min in the running buffer (PBS, pH 7.4).
The specific binding signal shown was obtained by subtracting
the background signal obtained by injection of the protein sam-
ple over a surface saturated with BSA.

Molecular Modeling Analysis—The whole protocol, going
from equilibration of the bilayer to simulation of the mem-
brane-bound protein, was performed as described previously
(27) for PR3 and HNE simulations into a 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine bilayer. Briefly, a 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPS) bilayer neutral-
ized with Na� counterions but lacking ionic strength was
created at an initial surface area of 58.5 Å2 using the membrane
builder module of CHARMM-GUI (28). This bilayer alone was
then equilibrated for 150 ns using NAMD2.9 (29) and the
CHARMM36 force field (30) including the non-bonded correc-
tions for sodium ions (31). During this phase, the surface area
remained stable, averaging 59.4 � 0.8 Å2. Order parameters
and hydrogen bond analyses also revealed that both ordering of
the aliphatic chains and interactions between headgroups
reached satisfying convergence. The protein was inserted into
the bilayer using the previously reported orientation (10). To
account for the difference of width between the POPS and the
implicit bilayer, the protein was translated by 2.5 Å2 from the
position obtained with IMM1. To obtain sufficient sampling of
the interface, the PR3/POPS system was simulated for 500 ns.
The stability of the bilayer was not affected by the presence of
the protein, and the surface area remained stable (59.9 � 0.9
Å2). All simulations were performed at a temperature of 310 K
with an integration step of 2 fs.

Interactions between PR3 and the bilayer were investigated
using contacts and hydrogen bond analyses, all computed using
the COOR facility of CHARMM. The hydrogen bonds used a
2.4-Å-cutoff distance between hydrogen and acceptor and a
130° donor-hydrogen acceptor angle criterion. The donor and
acceptor definitions were obtained from the CHARMM force
field. Hydrogen bonds bridged by water molecules were com-
puted using the same geometric criteria where a bridging water
molecule had to hydrogen bond simultaneously with the pro-
tein and the membrane. Hydrophobic contacts were defined
using a 3-Å-cutoff distance between aliphatic groups of the lip-
ids and enzymes (CHARMM atom types ca, cb, cg1, cg2, cg2,
ha*, hb*, hg, and hg2*; type cg except for Hsd, Hse, Asn, and
Asp; type hg1 except for Cys, Thr, and Ser; type cd except for

Arg, Gln, and Glu; type cd1; type cd2 except for Hsd and Hse;
types ce1, ce2, and cz and associated hydrogens of Phe and Tyr;
types cd1, cd2, ce2, ce3, cz2, and cz3 and associated hydrogen of
Trp; type cay; and type hy*). Except for hydrophobic contacts,
interactions were sorted into the following subcategories: back-
bone and side chain for amino acids, headgroup, phosphate,
and glycerol for lipids. All analyses were carried out over the
250 –500-ns window during which the root mean square devi-
ation averaged 1.47 � 0.12 Å. Occupancy values given below
always refer to the percentage of existence of an interaction
over that window. As usual for serine proteases, the chymotryp-
sin numbering convention is used for the amino acids of PR3
throughout (the active site is thus His-57, Asp-102, and
Ser-195).

Binding of Purified PR3 to PS Externalized on Apoptotic RBL
Cells or Murine Neutrophils—Murine neutrophils were col-
lected from 10 –12-week-old male C57Bl6 mice purchased
from Charles River Laboratories. Mice were housed in an spe-
cific pathogen-free facility under standard conditions and
maintained in a 12-h/12-h light/dark cycle at 22 °C in accord-
ance with the European Union directives. All animal studies
were performed in accordance with and approved by the Insti-
tutional Animal Care and Use Committee at the Cochin Insti-
tute. Murine neutrophils were isolated from the peritoneal
lavage 5 h after intraperitoneal injection of 1 mg of zymosan and
stained with an allophycocyanin-conjugated anti-Ly6G anti-
body (clone 1A8, BD Biosciences) to determine neutrophil
purity. Spontaneous apoptosis was induced by incubating neu-
trophils in Roswell Park Memorial Institute (RMPI) 1640
medium supplemented with 10% fetal calf serum and antibiot-
ics (100 units/ml penicillin and 100 �g/ml streptomycin) for
16 h at 37 °C. For the binding of exogenous PR3 to apoptotic
RBL cells or murine neutrophils, 4 � 105 apoptotic cells were
incubated with 4 �g of purified PR3 (Athens Research and
Technology) for 4 h at 4 °C. After saturation with PBS contain-
ing heat-aggregated goat IgG and 5% fetal calf serum, cells were
incubated at 4 °C for 30 min with FITC-conjugated mouse anti-
PR3 (2 �g/ml; clone CLB 12.8). Binding of PR3 and Annexin
V-phycoerythrin to externalized PS was evaluated by flow
cytometry (BD Biosciences). In the case of RBL cells, this bind-
ing was performed in PBS alone or in PBS containing either 2.5
mM CaCl2, 1 mM EDTA, or both.

Exogenous PR3 Binding to Human Microvesicles Isolated
from Plasma—Plasma-derived MVs were isolated from 2.5 ml
of acid-citrate-dextrose-anticoagulated human blood from
healthy volunteers obtained after written informed consent
(Etablissement Français du Sang Bourgogne Franche-Comté,
Besançon, France). The platelet-rich plasma was obtained by
centrifugation at 100 � g for 15 min. This plasma was spun at
2500 � g for 15 min, the supernatant was collected, and the
plasma-derived MVs were pelleted by centrifugation at
15,000 � g for 1 h at 4 °C. Plasma-derived MVs (0.5 � 106) were
resuspended in 200 �l of PBS and incubated with either PBS alone
or 8 �g of PR3 at 4 °C for 4 h. MVs were then stained with allophy-
cocyanin-conjugated Annexin V, monoclonal FITC-conjugated
anti-PR3 antibody (5 ng; clone CLB12.8), or a mouse FITC-conju-
gated IgG1 isotype control (Jackson ImmunoResearch Laborato-
ries). MV staining was analyzed using a Navios flow cytometer
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(Beckman Coulter) and fluorescent microbeads (0.5, 0.9, and 3 �m
in diameter; Megamix Biocytex).

Microvesicle Generation and Quantification from RBL—
RBL/pcDNA, RBL/PR3, RBL/PR3-4H4A, and RBL/PR3-S204A
were used to generate MVs. To induce MV production, RBL
cells were treated with either calcium ionophore (2 �M for 30
min) or gliotoxin (2 �g/ml for 2 h). Cell culture medium was
collected, centrifuged to eliminate cells (600 � g, 5 min, 4 °C),
and centrifuged again to remove cell debris (600 � g, 5 min,
4 °C), and the resulting supernatant was then ultracentrifuged
(15,000 � g, 90 min, 4 °C) to pellet MVs. MVs were resuspended
in 500 �l of 0.1-�m filtered 0.9% NaCl and stored at �80 °C.
MVs were labeled with Annexin V-FITC in a calcium-depen-
dent manner and analyzed by flow cytometry (EPICS XL, Beck-
man Coulter) as described previously (32). Events less than 1
�m in diameter were identified by forward scatter and side
scatter in comparison with fluorescent microbeads (0.5, 0.9,
and 3 �m in diameter). MVs were defined as events with a size
�1 �m and �0.1 �m that stained with Annexin V-FITC, and
numbers were quantified by comparison with calibrator Flow-
count beads (Beckman Coulter; 10-�m diameter) with a prede-
termined concentration. MVs were also detected using Cell-
Vue� Claret Far Red staining according to the manufacturer’s
instructions. Briefly, MVs isolated as above were resuspended
in 1 ml of PBS (0.1-�m filtered), which was subsequently mixed
with 1 ml of diluent C containing 4 �l of CellVue Claret Far Red.
MVs were incubated for 4 min at room temperature before
staining was stopped with 2 ml of PBS containing 0.5% BSA.
MVs were collected using ultracentrifugation (15,000 � g, 90
min, 4 °C), resuspended in 500 �l of 0.1-�m filtered 0.9% NaCl,
and stored at �80 °C.

Measurement of Neutrophil Respiratory Burst by Chemi-
luminescence—Human neutrophils were isolated from whole
blood from healthy volunteers obtained after written informed
consent (Etablissement Français du Sang, Paris, France) using
plasma/Percoll gradients. Production of NADPH oxidase-in-
duced oxidant was measured by chemiluminescence in a single
photon luminometer (AutoLumat LB953, Berthold) with the
cyclic hydrazide luminol (5-amino-2,3-dihydro-1,4-phthala-
zinedione). For each test, 1 � 105 purified human neutrophils
were resuspended in 100 �l of Hanks’ balanced salt solution in
polystyrene tubes containing 100 �l of luminol (0.15 mM) and 45
�l of one of the following: 0.9% NaCl or MVs from RBL/pcDNA,
RBL/PR3, RBL/PR3-4H4A, or RBL/PR3-S203A. Luminescence
activity was measured immediately in duplicate over 40 min and
expressed as integrated total counts as described previously (33).
For experiments involving co-treatment with phorbol myristate
acetate (PMA), a final concentration of 1 �g/ml PMA was added to
each tube. Lastly, MVs from RBL/pcDNA or RBL/PR3 were incu-
bated for 24 h at 4 °C with 50 �g/ml IgGs isolated from a GPA
patient with anti-PR3 ANCA or from a normal control (5). This
mixture was then added to human neutrophils, and the respiratory
burst was measured as above.

Statistical Analysis—Statistical analyses were performed
using GraphPad Prism 6.05 software. Comparisons were made
using the Student’s t test or one-way analysis of variance
(ANOVA) where appropriate. Differences were considered sig-
nificant for a p value �0.05.

Results

PR3 Is a Phosphatidylserine Binding Partner—A protein-
lipid overlay assay was used to determine whether PR3 was a
PS-binding protein. A nitrocellulose membrane spotted with
phospholipids including PC, PE, and PS was incubated with
purified PR3, elastase (HNE), or Annexin A1. Purified PR3
bound specifically to PS, and no binding was observed to either
PC or PE (Fig. 1A). Despite sharing 56% sequence homology
with PR3, HNE did not interact with any of the phospholipids.
As a positive control, the well established PS-binding protein
Annexin A1 specifically interacted with PS in this assay. Surface
plasmon resonance spectroscopy was used to characterize the
interaction between PS and PR3. In these experiments, purified
PR3 was captured on a PS-coated surface but not on a surface
coated with PE (Fig. 1B, left panel) or PC (data not shown). As
the data generated in this configuration (immobilized PS and
soluble PR3) are not sufficient to determine the KD value accu-
rately, mainly due to PR3 aggregation when used at high con-
centration, further investigation of the PR3-PS interaction was
conducted in the reverse orientation using a commercial water-
soluble derivative (06:0 PS) comprising the polar moiety of PS
connected to two six-carbon saturated hydrocarbon chains. In
this case, PR3 was coated on a CM5 sensor chip, and 06:0 PS was
used as a soluble ligand. As illustrated in Fig. 1B (right panel),
surface plasmon resonance analysis at varying 06:0 PS concen-
trations demonstrated a dose-dependent interaction with
immobilized PR3. In this configuration, the KD value deter-
mined using the simple 1:1 interaction model was over 6 �M.

The Hydrophobic Patch Present in PR3 Is Essential for PS
Binding—To determine the domain responsible for the inter-
action between PR3 and PS, whole cell lysates from RBL cells
transfected with a control plasmid (RBL/pcDNA), plasmid cod-
ing for wild type PR3 (RBL/PR3), or plasmid coding for PR3
mutated within the hydrophobic patch (RBL/PR3-4H4A) were
generated as described previously (10) and used in a protein-
lipid overlay assay (Fig. 1C). In agreement with the results pre-
sented in Fig. 1A, when phospholipid-spotted membranes were
incubated with lysates from RBL/PR3 cells, PR3 specifically
interacted with PS and not PC or PE. Importantly, when the
hydrophobic patch was mutated (RBL/PR3-4H4A), PR3 no lon-
ger bound to PS. To ensure that the PR3 antibody used in these
experiments was able to detect both wild type PR3 and PR3-
4H4A, a dot blot was conducted, and no difference in the ability
of this antibody to recognize either version of the protein was
observed (Fig. 1C, right panel). These results clearly demon-
strate that PR3 is a PS-binding protein, and this interaction
depends on the hydrophobic patch, which is composed of the
four amino acids Phe-180, Phe-181, Leu-228, and Phe-229.

Molecular Simulations Identify a PR3 PS-specific Binding
Site—Molecular simulations of PR3 bound to a bilayer com-
posed of POPS were performed to gain structural insights into
interactions between PR3 and PS lipids. A POPS bilayer was
chosen as a model for lipid-coated surfaces (see previous sec-
tion) and PS-rich domains upon PS externalization (see next
section). The simulation showed that PR3 was stably anchored
into the POPS bilayer, and the hydrophobic insertion is mostly
achieved by residues located on three loops: �8-�9, �9-�10, and
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�11-�12 (Fig. 2A). The amino acids responsible for the most
stable hydrogen bonds with phosphates and headgroups are
shown in Fig. 2, B and C, respectively. Six basic residues alone
mediated 75% of the total number of hydrogen bonds. In detail,
the side chains of residues Lys-99, Arg-177, Arg-186A, Arg-
186B, Lys-187, and Arg-222 formed hydrogen bonds with the
phosphates groups with occupancies of 85–100%. Interestingly,
as a consequence of their proximity within the structure, the
side chains of the pairs Lys-99/Arg-177, Arg-186A/Arg-186B,
and Lys-187/Arg-222 trapped the phosphate group of the same
lipid during 82, 99, and 80% of the simulation trajectory, respec-
tively. Lys-99, Arg-186B, and Lys-187 simultaneously mediated
highly stable hydrogen bonds (occupancies between 75 and
90%) with PS headgroups (Fig. 2C). The aliphatic chains of the
corresponding lipids mediated only a few contacts with the pro-
tein except the one whose headgroup interacts with Lys-99.

That particular lipid participated in a stable network of inter-
actions that also involved residues Glu-97 and Arg-177 as well
as the headgroup of a second lipid (Fig. 2D). That second lipid
interacted with the first lipid through its headgroup, its
phosphate connected residues Lys-99 and Arg-177, and
finally its aliphatic chain mediated numerous hydrophobic
contacts with PR3, which account for a quarter of the total
number of contacts between protein and bilayer. Interest-
ingly, it interacted with Phe-166, Leu-223, and Phe-224 of
the hydrophobic patch. The interaction network described
depended on PS headgroups and involved both the basic
(Arg-186A, Arg-186B, Lys-187, and Arg-22) and hydropho-
bic (Phe-166, Phe-167, Leu-223, and Phe-224) patches of the
interfacial binding site reported earlier (4, 10). Therefore,
these simulation suggest that these amino acids constitute a
specific PS-binding site.

FIGURE 1. PR3 binds to PS through the hydrophobic patch. A, purified PR3, HNE, or Annexin A1 was incubated with nitrocellulose membranes spotted with PS, PE,
and PC. Blots were probed with anti-PR3, anti-HNE, or anti-Annexin A1 antibody. B, surface plasmon resonance analysis of PR3 (250 nM) binding to PS- and PE-
immobilized surfaces (left panel) and 06:0 PS (0.15, 0.25, 0.3, 0.5, and 1 mM) to immobilized PR3 (right panel). Association and dissociation curves were recorded for
120 s. A dose-response effect was observed when using increasing concentrations of soluble 06:0 PS with a KD of 6.28 � 10�6

M. C, lysates generated from RBL/PR3,
RBL/PR3-4H4A, or control RBL/pcDNA were incubated with nitrocellulose membranes spotted with PS, PE, and PC, and the membranes were subjected to immuno-
blotting (IB) using an anti-PR3 antibody (left panel). As a positive control (right panel), the lysates from the three RBL cell lines were spotted onto a membrane and
probed with anti-PR3. Panels display a representative image obtained from three replicates. Resp. Diff., response difference; RU, response units; CT, control.
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Soluble PR3 Binds to PS Externalized on Apoptotic Cells—PS
is an important component of the cell membrane preferentially
located within the inner leaflet, and during apoptosis a dysregu-
lation in the enzymes responsible for membrane integrity leads
to the externalization of PS. To determine whether soluble PR3
was able to bind PS expressed on the membrane of apoptotic
cells, control RBL cells or RBL cells transduced with scrambled
shRNA or shRNA targeting rPLSCR1 were used. PLSCR1 is
responsible for the redistribution of all phospholipids between
the two leaflets of the plasma membrane. Transduction of
rPLSCR1 shRNA markedly decreased rPLSCR1 expression in
RBL cells as assessed by Western blotting analysis, whereas
rPLSCR1 expression was unchanged in cells transfected with
scrambled shRNA (Fig. 3A). Knockdown of rPLSCR1 resulted
in a significant decrease in externalized PS during apoptosis as
measured by Annexin V staining and flow cytometry (Fig. 3B).
Apoptosis was induced in RBL cells overnight, and cells were
subsequently incubated with soluble PR3. Using flow cytom-
etry, PR3 was detected on the surface of PS-positive apoptotic
cells (Fig. 3C), whereas PR3 could not be detected on cells lack-
ing externalized PS (see representative dot blots in Fig. 3D).
Notably, when PS externalization was decreased using
rPLSCR1 shRNA, the proportion of cells able to capture soluble
PR3 decreased in the same order of magnitude (Fig. 3C). This
strongly suggests that PR3 binding to the surface of apoptotic
cells is dependent on PS externalization. To determine whether
binding of PR3 to PS was dependent on calcium, soluble PR3

was incubated with a mixed population of live and apoptotic
cells in the presence of PBS alone or PBS containing either
CaCl2, EDTA, or both. In these experiments, there was no dif-
ference in the ability of soluble PR3 to bind to cells expressing
externalized PS when CaCl2 or EDTA was present (Fig. 3D). To
determine whether the same phenomena occurred in primary
cells, neutrophils isolated from mice were examined. Murine
neutrophils were incubated overnight at 37 °C to induce spon-
taneous apoptosis and PS externalization. Apoptotic neutro-
phils were incubated with soluble PR3, and flow cytometry was
performed to examine both PS externalization and PR3 bind-
ing. Murine neutrophils bound soluble PR3 only when PS was
externalized during apoptosis (Fig. 3E).

PR3 Is Captured by Plasma-derived Microvesicles—MVs are
small vesicles containing high levels of PS on their outer leaflet
(14). MVs isolated from the plasma of healthy donors were
incubated with soluble PR3, and events corresponding to MVs
were gated by flow cytometry with the help of calibration beads
and expression of PS. Incubation with soluble PR3 followed by
anti-PR3-FITC allowed for the identification of PR3-positive
events (Fig. 4A). Soluble PR3 bound to 45.8 � 10.3% of events
isolated from the plasma of healthy donors (Fig. 4B).

Endogenous Membrane PR3 Inhibits Microvesicle Production
during Both Activation and Apoptosis—MV generation was
assessed by flow cytometry in RBL/pcDNA, RBL/PR3, and
RBL/PR3-4H4A following activation with the calcium iono-
phore A23187. Cells expressing membrane-associated PR3

FIGURE 2. Molecular modeling of the PR3-PS interaction. Insertion of PR3 into a POPS bilayer is shown. The protein is shown in gray. We highlight the
membrane binding interface and the position at the interface of the residues mediating the highest number of hydrophobic contacts with the PS lipids (A) and
the amino acids with the highest occupancies for hydrogen bonds with phosphates and head groups of PS (B and C, respectively) shown with magenta, blue,
and green color gradients, respectively. D, interaction network of the predicted PR3/PS-binding site. The main hydrogen bonds mediated by two lipids are
represented with black dashed lines. The amino acids mediating hydrophobic contacts with the central lipids are shown using spheres and colored using a blue
to red gradient following the increasing number of contacts.
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produced significantly less PS� MVs compared with cells trans-
fected with the control plasmid (Fig. 5A). Importantly, when
PR3 was mutated within the hydrophobic patch and the protein

was no longer able to interact with PS, PS� MV production was
restored. To ensure the observed decrease in MV production
was not due to PR3 interfering with the binding of Annexin V to
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PS, an alternative method of detection based on the fluorescent
labeling of MVs was used. The same results were obtained when
MVs were identified using CellVue staining: PR3 significantly
decreased the production of MVs compared with control or
PR3-4H4A (Fig. 5B). It should be noted that this latter method
detects both PS� and PS� MVs. PR3 also affected the produc-
tion of MVs during gliotoxin-induced apoptosis with a signifi-
cant decrease in PS� MVs observed when cells expressed mem-
brane PR3 compared with control cells (Fig. 5C). PS� MV
production was restored when PR3 was not expressed at the
membrane and lacked the capacity to bind to PS. Again, these
results were confirmed using CellVue staining with the same
decrease in MV production observed in PR3-expressing cells
(Fig. 5D). These results clearly demonstrate that PR3 expressed
at the plasma membrane affects the generation of MVs during
both activation and apoptosis and that the hydrophobic patch
was essential for this effect. To determine whether the serine pro-
tease activity of PR3 was required for the decreased MV produc-
tion, RBL cells were transfected with an enzymatically inactive
form of PR3 (PR3/S203A) containing a serine to alanine mutation
at position 203 (34). The serine protease activity of PR3 was essen-
tial for the decrease in MV production during both activation with
calcium ionophore (Fig. 5E) and apoptosis induced by gliotoxin

(Fig. 5F) as RBL cells transfected with PR3/S203A produced equiv-
alent numbers of MVs as control RBL cells.

MV Derived from Activated PR3-expressing Cells Potentiated
Oxidant Production in Neutrophils—As MVs are known to
exert both a pro- and anti-inflammatory effect during inflam-
mation (35, 36), the biological function of the MVs generated
during activation was examined. Regardless of the parent cell,
MVs generated during activation triggered a respiratory
response in neutrophils and facilitated the production of oxi-
dants (Fig. 6A), strongly suggesting that activation-induced
MVs are proinflammatory. Importantly, a significantly larger
respiratory response was recorded in neutrophils exposed to
MVs from RBL/PR3 cells compared with controls. No differ-
ence in the induction of oxidant production was observed
between MVs generated from control cells or those expressing
PR3-4H4A, suggesting that the ability of PR3 to associate with
PS is key to this proinflammatory effect. MVs generated from
RBL/PR3-S203A cells were not able to induce the same increase
in oxidant production compared with MVs generated from
PR3-expressing cells; rather a respiratory response equivalent
to treatment with control MVs was observed. This suggests that
the serine protease activity of PR3 is essential in the function of
MVs generated during cellular activation (Fig. 6B). The respi-
ratory response observed following co-stimulation with PMA, a
compound known to induce the production of oxidants, dem-
onstrated that MVs from PR3-expressing cells again induced a
larger respiratory response in human neutrophils compared
with those generated from either control or PR3-4H4A cells
(Fig. 6C). ANCAs directed against PR3 are known to potentiate
the respiratory burst in neutrophils (37, 38). To determine
whether ANCA could modulate the respiratory burst triggered
by activation-induced MVs, pcDNA or PR3 MVs and either
ANCA or isotype control IgG were incubated for 24 h at 4 °C to
allow for antibody binding. This mixture was then added to
neutrophils, and oxidant production was measured. Addition
of ANCA to MVs, regardless of whether MVs were from con-
trol or PR3-expressing cells, produced a larger respiratory
response in human neutrophils compared with control IgG
antibody (Fig. 6D; pcDNA MVs � ANCA versus IgG control,
p � 0.0051; PR3 MVs � ANCA versus IgG control, p � 0.0673).
This result suggests that ANCA forming immune complexes
with any MVs are more inflammatory and that this effect was
not dependent on PR3.

PR3 Hampered the Ability of Apoptosis-induced MVs to
Inhibit a Respiratory Burst in Neutrophils—In contrast to those
generated during activation, MVs produced during gliotoxin-
induced apoptosis impaired the basal respiratory response in
neutrophils regardless of the parent cell used to generate them
and can therefore be considered anti-inflammatory. Although
MVs isolated from PR3-expressing apoptotic cells also down-

FIGURE 3. Soluble PR3 binding to apoptotic cell surface depends on PS expression. A, RBL cells stably transfected with a retroviral vector coding for rPLSCR1
shRNA displayed decreased PLSCR1 expression compared with those transfected with scrambled shRNA. Actin was used as a loading control, and the panel displays
a representative Western blot. B, flow cytometry after Annexin V staining was used to detect PS externalization on the above cells during gliotoxin-induced apoptosis.
C, apoptotic control or shRNA rPLSCR1 cells were incubated with soluble PR3, and flow cytometry was used to detect binding. D, soluble PR3 binding to control
apoptotic cells was also determined in the presence of CaCl2, EDTA, or both, and representative dot blots obtained after anti-PR3-FITC labeling are displayed. Murine
apoptotic neutrophils were incubated with soluble PR3 and subsequently stained with anti-PR3-FITC and Annexin V (AnV)-phycoerythrin (PE) (E). All experiments were
performed three times, and data are presented as mean � S.E. (**, p � 0.01; ***, p � 0.001; Student’s t test). Error bars represent S.E.

FIGURE 4. Exogenous PR3 binds plasma-derived microvesicles. MVs iso-
lated from human plasma were incubated with soluble PR3 for 4 h and
stained with anti-PR3-FITC. A, representative flow cytometry histograms of
PR3 staining events isolated from plasma and incubated with either PBS or
soluble PR3. B, percentage of plasma-derived MVs staining positive for PR3.
Data are expressed as the mean � S.E. of six independent experiments (**,
p � 0.01; Student’s t test). Error bars represent S.E.
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regulated the production of oxidants in neutrophils, a signifi-
cantly larger respiratory burst response was observed com-
pared with MVs generated from control apoptotic cells (Fig.
7A). Again, no difference was observed in the induction of oxi-
dant production between MVs generated from control cells and
those expressing PR3-4H4A. MVs produced during apoptosis
from RBL/PR3-S203A cells were able to inhibit oxidant pro-
duction more than MVs generated from PR3-expressing cells,
and inhibition of the respiratory response was equivalent to
results obtained when neutrophils were treated with control
MVs. This suggests that the serine protease activity of PR3 is
again essential in the function of MVs generated during apo-
ptosis (Fig. 7B). To determine whether apoptosis-induced
MVs also hampered the respiratory response following stim-
ulation with a potent activator, neutrophils were co-treated
with PMA and MVs from control, PR3, or PR3-4H4A cells.
Neutrophils incubated with PMA and MVs from control

cells produced a significantly reduced respiratory burst
response compared with those stimulated with PMA alone
that was consistent with the data presented in Fig. 7A, again
suggesting that apoptosis-induced MVs are anti-inflamma-
tory. However, MVs from PR3-expressing cells were no lon-
ger able to inhibit the respiratory burst observed following
treatment with MVs from both control and PR3-4H4A-ex-
pressing cells (Fig. 7C). In fact, the respiratory response
observed following co-treatment with PMA and MVs from
PR3-expressing cells was equivalent to the response ob-
served following stimulation with PMA alone, indicating
that PR3 is able to abolishing the anti-inflammatory effects
of MVs generated during apoptosis.

Discussion

Here, we report for the first time that PR3, the autoantigen in
GPA, is a PS-binding protein, and this interaction affects both

FIGURE 5. PR3 affects MV production during cell activation and apoptosis. Analysis of MVs following activation with the calcium ionophore A23187 (A, B, and E) or
gliotoxin-induced apoptosis (C, D, and F) is shown. MVs isolated from RBL/pcDNA, RBL/PR3, and RBL/4H4A were stained with Annexin V, and flow cytometry was used
to determine the number of PS� MVs (MP)/�l for seven independent MV preparations (A and C). MVs were also detected using CellVue Claret Far Red staining (B and
D) where data are displayed as -fold change in MV production compared with RBL/pcDNA from three independent MV preparations. MVs isolated from RBL/pcDNA,
RBL/PR3, and RBL/S203A were stained with Annexin V, and flow cytometry was used to determine the number of PS� MVs/�l for five independent MV preparations
(E and F). All data are presented as means � S.E. (*, p � 0.05; **, p � 0.01; one-way ANOVA). Error bars represent S.E.
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the production and function of MVs. The newly identified abil-
ity of PR3 to bind to PS is yet another unique biochemical prop-
erty that distinguishes this protein from other serine proteases
including the closely related HNE. Despite sharing a 56%
sequence identity, a number of studies have shown that PR3
and HNE have different substrates, localizations, and functions
(4). Molecular modeling and surface plasmon resonance dem-
onstrated that PR3 can bind directly and robustly to the plasma
membrane as well as lipid vesicles, and this binding occurs with
a significantly higher affinity than HNE (27). Previously studies
have shown that PR3 is expressed at the membrane of resting
neutrophils through its ability to bind to CD177 (39, 40). How-
ever, this type of interaction does not appear to play a role in
apoptosis-induced membrane expression of PR3, which is inde-
pendent of CD177 expression (11). Furthermore, we recently
demonstrated that membrane expression of PR3 under resting
conditions or following TNF� stimulation does not correlate
with membrane expression after the induction of apoptosis,
strongly suggesting that different pools of PR3 are present
within neutrophils that can be mobilized to the cell surface (34).
Importantly, regardless of the mechanisms responsible for PR3
externalization, the integrity of the hydrophobic patch is
required (10). Extending this further, we found that PR3 was
able to directly interact with PS, whereas HNE did not display
an affinity for any of the phospholipids. PR3 interacted exclu-

sively with PS and not PC or PE, and using molecular modeling
a potential PS-binding site within the basic and hydrophobic
patches of PR3 was identified. It has long been established that
PR3 is co-externalized with PS during apoptosis (6), and in
these experiments inhibiting PS externalization by silencing
phospholipid scramblase 1 prevented the expression of PR3 at
the plasma membrane (11). PR3 contains many motifs common
to other well characterized PS-binding proteins such as annex-
ins including positively charged regions that facilitate electro-
static interactions and hydrophobic residues that act to anchor
the protein (41). Molecular modeling and mutation of four
hydrophobic amino acids located within the hydrophobic patch
demonstrated that this region is indeed critical for the interac-
tion between PR3 and PS (11).

Although these data provide clear evidence demonstrating
that PR3 is a PS-binding protein, the question remains what is
the significance of this interaction. The most obvious conse-
quence is the modulation of apoptotic cell clearance. PS is
externalized upon apoptosis, and extensive research indicates
that when expressed at the membrane PS acts as a major eat me
signal facilitating the recognition and removal of dying cells (42,
43). By binding to PS, PR3 may again prevent this process and
function as a don’t eat me signal in line with previous studies
(11). PS is not the only eat me signal inhibited by PR3. PR3 also
binds calreticulin, a protein expressed at the membrane shown

FIGURE 6. MVs from activated cells expressing PR3 induced a larger respiratory burst in human neutrophils. NADPH oxidase activation was evaluated in
human neutrophils in response to MV stimulation. Intracellular H2O2 production was measured using luminol-amplified chemiluminescence (CL), and lumi-
nescence was recorded for 40 min. Data are means � S.E. of the integral of the response in cpm. MVs from RBL/pcDNA, RBL/PR3, RBL/4H4A (A), and RBL/S203A
(B) were used. The respiratory response was also measured in the presence of PMA (C). MVs from RBL/pcDNA or RBL/PR3 were preincubated with IgGs isolated
from either a GPA patient or control individual, and the respiratory response was measured (D). Data in A, C, and D are represented as respiratory burst
generated from 1 � 106 MVs; n � 7 independent MV preparations used on neutrophils isolated from different donors (*/#, p � 0.05; **/##, p � 0.01; one-way
ANOVA). Data in B represent percent change compared with pcDNA obtained from n � 5 independent MV preparations used on neutrophils isolated from
different donors (**, p � 0.01; one-way ANOVA). Error bars represent S.E.
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to be important for the efficient phagocytosis of apoptotic cells
both in vitro and in vivo (12, 44). Given that PR3 is co-external-
ized with calreticulin and PS and that the latter is dependent on
the activity of phospholipid scramblase 1 (11), we suggest that
PR3 may form part of a protein platform expressed at the mem-
brane during apoptosis. However, the ability to inhibit PS-me-
diated phagocytosis of apoptotic cells may not be the sole con-
sequence of this PR3-PS interaction. PS has multiple binding
partners including annexins, PKC, coagulation factors, and
Raf-1, and these partners are implicated in a large range of cel-
lular processes (41). For example, outward exposure of PS ini-
tiates the binding of several coagulation factors on platelets,
which ultimately activates a biochemical reaction cascade that
promotes coagulation (45). It is possible that by binding exter-
nalized PS on other cells including platelets, neutrophils, and
leukocytes PR3 may interfere with natural binding partners and
block PS-mediated biological processes.

In this study, we also demonstrate that soluble PR3 is able to
bind to PS in a cellular context. When apoptotic neutrophils or
MVs containing high levels of PS on their outer leaflet were
incubated with soluble PR3, PR3 protein bound to the mem-
brane. Based on this observation, we suggest that PS acts as an
anchoring site or receptor for soluble PR3 released during neu-
trophil degranulation or apoptosis. Although these experi-
ments clearly demonstrate that PR3 binds to PS-positive cells
and MVs, we cannot discount the fact that PR3 may also bind to
other molecules expressed on the surface such as calreticulin
and phospholipid scramblase 1, or there may be other
unidentified proteins that can also bind PR3. Given that PR3

expressed at the surface of an apoptotic cell can act as a don’t
eat me signal (11, 12), it is possible that soluble PR3 released
into the extracellular environment may transfer this don’t
eat me property to any bystander cell expressing membrane
PS including activated leukocytes and platelets, thereby pre-
venting these cells from fulfilling their functions. In fact, as
PR3 has a number of proinflammatory properties, soluble
PR3 binding to any cell type or vesicle expressing PS may
modulate the inflammatory process. This could occur at
both the local site of inflammation and even distally if PR3 is
bound to circulating leukocytes or MVs.

Furthermore, in GPA, soluble PR3 released by activated or
apoptotic neutrophils may bind PS expressed on the surface of
other cell types including leukocytes, platelets, and endothelial
cells or even MVs. For example, PR3 may interact with PS located
on the surface of damaged endothelial cells, which may in turn
prevent their clearance and further promote inflammation. In fact,
defective clearance of apoptotic cells is linked to the development
of autoimmune diseases including systemic lupus erythematosus
(46). Mouse models also demonstrated that one autoantigen
unique to systemic lupus erythematosus, ribonucleoprotein Sm, is
associated with apoptotic cell blebs and that apoptotic cells induce
an anti-Sm immune response in mice (47). If circulating soluble
PR3 is able to bind distant apoptotic cells through PS, it is possible
that this may prevent clearance, promote inflammation, or even
enhance the anti-PR3 immune responses and facilitate inflamma-
tory processes in GPA. Further work is required to determine
whether this occurs in vivo and what implications it may have on
the pathogenesis of GPA. It is possible that the autoantibodies in

FIGURE 7. MVs generated from apoptotic cells decreased the respiratory response in human neutrophils, and PR3 hampered this inhibition. NADPH
oxidase activation was evaluated in human neutrophils in response to MV stimulation. Intracellular H2O2 production was measured using luminol-amplified
chemiluminescence (CL), and luminescence was recorded for 40 min. Data are means � S.E. of the integral of the response in cpm (A). MVs from RBL/pcDNA,
RBL/PR3, RBL/4H4A (A), and RBL/S203A (B) were used. The respiratory response was also measured in the presence of PMA (C). Data in A and C are represented
as respiratory burst generated from 1 � 106 MVs; n � 7 independent MV preparations used on neutrophils isolated from different donors (*, p � 0.05; **/##, p �
0.01; ###, p � 0.001; one-way ANOVA). Data in B represent percent change compared with pcDNA obtained from n � 4 independent MV preparations used on
neutrophils isolated from different donors (*, p � 0.05; one-way ANOVA). Error bars represent S.E.
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GPA could bind to any cell that has captured soluble PR3 and
modulate their normal responses, and this may again promote
inflammation and further contribute to endothelial cell damage.

Another biological process known to involve PS is MV for-
mation. MVs contain high levels of PS on their outer membrane
and are formed during either cellular activation or apoptosis.
During active vasculitis, plasma of patients contains increased
numbers of MVs compared with healthy controls (17–19).
Using RBL cells expressing enzymatically active PR3, we
observed a significant reduction in MV production when PR3
was expressed at the membrane regardless of whether cells
were activated or undergoing apoptosis. The fact that the
enzymatically inactive form of PR3 is unable to modulate
MV production suggests that PR3 cleaves an as yet uniden-
tified protein essential in the formation of these vesicles. A
key event in MV formation is an increase in intracellular
calcium levels, which activates Ca2�-dependent proteases
that in turn facilitate the shedding of MVs (48). Previous
experiments examining calcium-mediated degranulation (6)
failed to detect any defect in calcium influx or signaling in
the presence of PR3. Therefore we suggest that PR3 may
affect membrane blebbing or even shedding through its
interaction with the phospholipid PS or other unidentified
proteins involved with these processes.

Microvesicles generated from PR3-expressing and control
cells were then used to assess whether PR3 altered MV func-
tion. The first thing to note is the function of the MVs differed
dramatically depending on the stimulus used to produce them.
MVs produced during cell activation stimulated a significant
respiratory burst response in human neutrophils and can be
considered as proinflammatory, whereas MVs produced during
apoptosis inhibited both the basal respiratory burst and the
oxidative burst observed following PMA stimulation and thus
acted in an anti-inflammatory manner. The idea that MVs can
be either pro- or anti-inflammatory is not a new concept.
Although MVs are able to potentiate inflammation by up-reg-
ulating the production of cytokines and chemokines and the
expression of adhesion molecules as well as activating proin-
flammatory signaling pathways (49 –52), other studies demon-
strate an anti-inflammatory effect (53). For example, MVs
generated from human neutrophils decreased neutrophil
recruitment and facilitated the resolution of inflammation, and
they were also capable of entering cartilage and protecting
joints during inflammatory arthritis, processes mediated by
Annexin A1 (36, 53). MVs also promoted the resolution of
inflammation in vivo during sepsis (54). In our current system,
we suggest that MVs generated during activation are designed
to promote inflammation to ensure the effective elimination of
the pathogen or danger signal, whereas apoptotic MVs, much
like apoptotic cells themselves, are important for promoting the
resolution of inflammation. Regardless of the conditions used
to generate them, MVs from PR3-expressing cells were more
proinflammatory compared with those generated from control
cells. This study found that MVs from PR3-expressing cells
were able to activate reactive oxygen species production, elicit-
ing a larger respiratory burst response in human neutrophils.
The effect of complexes containing both MVs and ANCA on the
respiratory response was also examined, and although the addition

of ANCA appeared to increase reactive oxygen species production
in human neutrophils, this was not dependent on the type of MVs
used. The same increase was observed when ANCAs were prein-
cubated with MVs from control or PR3-expressing cells, indicat-
ing that this effect was independent of PR3. Although in this study
the effect of MVs generated from PR3-expressing cells on neutro-
phil responses was assessed, it is highly likely that within the circu-
latory system or at the local site of inflammation these MVs are
also delivered to other immune cells such as monocytes, leuko-
cytes, and macrophages. Therefore future studies examining the
effects of these MVs generated during either activation or apopto-
sis on immune cells such as monocytes and macrophages are
essential in understanding how these MVs can modulate the
inflammatory process.

As MVs are known to play a role in inflammation and vascular
function, we believe that this novel biochemical property of PR3
may have implications not just in inflammation but also in the
pathogenesis of GPA. Our results indicate that when PR3 is
expressed at the membrane MVs produced during both activation
and apoptosis are more inflammatory. Given that GPA patients
express increased membrane PR3 compared with healthy donors,
it seems very likely that MVs produced from neutrophils of
patients could contribute to the vascular inflammation observed in
this disease. In fact, the ability of PR3 to be expressed on MVs may
provide another mechanism, in addition to soluble PR3, in which
the autoantigen is able to disseminate throughout the circulatory
system. By doing so, PR3 MVs may contribute to inflammation in
distant areas or promote systemic inflammation like that observed
in GPA. This is not the first time an autoantigen has been identified
on MVs. Studies examining other autoimmune diseases including
rheumatoid arthritis and systemic lupus erythematosus have
found that autoantigens are expressed on MVs and that these MVs
can form potent inflammatory complexes containing autoanti-
bodies (55, 56). This phenomenon may also contribute to inflam-
mation in GPA, although more research is required to determine
whether these complexes form when MVs are produced from a
PR3-expressing cell.
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